
REVIEW

published: 06 April 2018
doi: 10.3389/fcimb.2018.00115

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 1 April 2018 | Volume 8 | Article 115

Edited by:

Anders Sjöstedt,

Umeå University, Sweden

Reviewed by:

Chandra Shekhar Bakshi,

New York Medical College,

United States

Girish Soorappa Kirimanjeswara,

Pennsylvania State University,

United States

*Correspondence:

Jeffrey A. Frelinger

jfrelin@email.arizona.edu

Received: 05 January 2018

Accepted: 23 March 2018

Published: 06 April 2018

Citation:

Roberts LM, Powell DA and

Frelinger JA (2018) Adaptive Immunity

to Francisella tularensis and

Considerations for Vaccine

Development.

Front. Cell. Infect. Microbiol. 8:115.

doi: 10.3389/fcimb.2018.00115

Adaptive Immunity to Francisella
tularensis and Considerations for
Vaccine Development

Lydia M. Roberts 1, Daniel A. Powell 2 and Jeffrey A. Frelinger 2*

1 Immunity to Pulmonary Pathogens Section, Laboratory of Bacteriology, Rocky Mountain Laboratories, National Institute of

Allergy and Infectious Diseases (NIAID), National Institutes of Health (NIH), Hamilton, MT, United States, 2Department of

Immunobiology and Valley Fever Center for Excellence, University of Arizona, Tucson, AZ, United States

Francisella tularensis is an intracellular bacterium that causes the disease tularemia.

There are several subspecies of F. tularensis whose ability to cause disease varies in

humans. The most virulent subspecies, tularensis, is a Tier One Select Agent and a

potential bioweapon. Although considerable effort has made to generate efficacious

tularemia vaccines, to date none have been licensed for use in the United States.

Despite the lack of a tularemia vaccine, we have learned a great deal about the adaptive

immune response the underlies protective immunity. Herein, we detail the animal models

commonly used to study tularemia and their recapitulation of human disease, the

field’s current understanding of vaccine-mediated protection, and discuss the challenges

associated with new vaccine development.

Keywords: Francisella tularensis, vaccine development, immune response, T cells, Antibodies

INTRODUCTION

Francisella tularensis is a Gram-negative intracellular bacterium and the causative agent of
tularemia. Francisella can be transmitted by aerosol, breaks in the skin, ingestion of contaminated
water, and bites of infected arthropods. Virulent, or Type A strains, of F. tularensis subspecies
tularensis (F. tularensis) cause severe disease in both humans and other vertebrates, even infecting
soil amoeba, at low exposure doses. The less virulent Type B F. tularensis subspecies holartica
(F. holartica) strains also have a broad host range, but do not cause severe disease. While only
100–200 natural cases of tularemia are reported each year in the US, F. tularensis is a significant
biothreat and has been weaponized (Christopher et al., 1997; Alibek and Handelman, 1999).
Today, Francisella is categorized as a Tier 1 Select Agent due to its low infectious dose, ease of
aerosolization, and ability to persist in the environment.

Ideally, there would be an efficacious vaccine for such a high consequence pathogen, however,
no licensed vaccine for tularemia is available. The Live Vaccine Strain (LVS) was developed in the
Soviet Union from F. holartica and provides limited protection (Eigelsbach and Downs, 1961). This
vaccine is not currently licensed in the United States as the protection engendered is limited. Many
recent attempts have been made to produce new vaccines against Francisella. While a successful
vaccine has yet to be produced, the collective knowledge gained from these studies has provided
many important insights into the immune response to Francisella vaccination and subsequent
protection. Together, these data provide critical information as to the nature of protective immunity
that must be provoked by future vaccine candidates.

Here, we discuss the animal models used to study the immune response to Francisella including
their recapitulation of human disease and respective limitations. Next, we detail the adaptive
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immune response and the effector functions that have been
identified as protective. Finally, we address the challenges
associated with developing effective tularemia vaccines.

CHARACTERISTICS OF HUMAN

INFECTION

Tularemia presents in human patients in several forms
dependent on exposure route and subspecies of the infecting
strain. The most common presentation is ulceroglandular
tularemia which is generally caused by an arthropod bite or
skin abrasions (Tärnvik et al., 1996; Ohara et al., 1998). Bacteria
will spread from this entry site through the lymphatic system
to draining lymph nodes. From the lymph nodes, bacteria may
disseminate to the periphery including the spleen, liver, lungs,
kidneys, central nervous system, and skeletal muscle (Ellis et al.,
2002). Ulceroglandular tularemia associated with subspecies
holarctica is rarely fatal, with less than a 3% case mortality (Evans
et al., 1985). Comparatively, pneumonic tularemia is caused
by subspecies tularensis and carries a mortality rate ranging
from 30 to 60% in the absence of therapeutic intervention
(Gill and Cunha, 1997). Patients generally present with flu-like
symptoms including chills, fever and headaches; diagnosis is
achieved by selective culture, PCR, or serology (Burke, 1977;
Carlsson et al., 1979; Koskela and Salminen, 1985; Syrjälä et al.,
1986; Clarridge et al., 1996; Johansson et al., 2000). Treatment
with antibiotics, like ciprofloxacin, is generally effective although
β-lactam antibiotics are not due to a β-lactamase gene in
Francisella. Convalescent patients have detectable antibody and
T cell responses which are described in more detail later.

ANIMAL MODELS OF TULAREMIA

The 2002 “Animal Rule” (21 CFR 314.600-650 and 601.90)
from the United States Food and Drug Administration (FDA)
applies to development of novel F. tularensis therapeutics
and vaccines given the highly pathogenic nature of human
infection. The inability to ethically or appropriately test new
therapies in humans requires efficacy testing in relevant animal
model(s) prior to FDA licensure. Recently, a novel Bacillus
anthracis vaccine was approved under the animal rule and
several therapeutics for high consequence pathogens have been
approved in the last decade after clinical efficacy was determined
in appropriate animal models (Beasley et al., 2016; Park and
Mitchel, 2016). There are multiple animal models for tularemia
and their ability to recapitulate human disease is discussed below.

Mice
The mouse is the most commonly used animal to study
tularemia due to its relatively low cost, well-characterized
genetics, and available immunological tools. Most importantly,
mouse infection with virulent F. tularensis recapitulates human
disease. Like humans, mice are extremely susceptible to low doses
(< 50 CFUs) of F. tularensis, developing disseminated disease
that is asymptomatic for the first 2–3 days after inoculation (Shen
et al., 2004; Pechous et al., 2008). Additionally, mice and humans

can be successfully vaccinated with F. holaritca LVS, but this
protection only applies to low F. tularensis inoculum doses within
a short timeframe post-vaccination (McCrumb, 1961; Saslaw
et al., 1961a; Chen et al., 2003; Conlan et al., 2005; Roberts et al.,
2017). Mice are more resistant to F. holartica than F. tularensis
by certain routes of inoculation, yet extremely susceptible to
F. novicida (Fortier et al., 1991; Conlan et al., 2003; Lauriano et al.,
2004;Wu et al., 2005). Although the susceptibility of humans and
mice differs greatly for F. novicida and there are some differences
for F. holartica, these discrepancies are not critical as they relate
to the animal rule. The animal rule applies only to F. tularensis;
therefore, the animal model used to test novel vaccines or
therapeutics only needs to closely resemble human disease with
F. tularensis. The BALB/c and C57Bl/6 mouse strains are the
most prevalent in the literature for evaluating immune responses
to Francisella although a variety of common laboratory mouse
strains were tested in Shen et al. (2004). Initially, only BALB/c
mice could survive F. tularensis challenge after immunization
with LVS (Shen et al., 2004; Wu et al., 2005; KuoLee et al.,
2007; Twine et al., 2012). More recently, C57Bl/6 mice were
protected using a different strain of LVS (RML LVS) indicating
the vaccinating strain utilized is critical for the development of
protective immunity (Griffin et al., 2015).

Rats
Historically, white rats were used in tularemia studies and
found to be more resistant to F. tularensis than mice when
various inoculation routes were tested (Downs et al., 1947). More
recently, Fisher 344 rats have been used and found to mimic
human susceptibility to the various subspecies of Francisella (Ray
et al., 2010). The F. tularensis intratracheal LD50 for Fisher 344
rats is ∼500 CFUs which is higher than the 10–15 CFUs that can
cause lethal disease in humans (McCrumb, 1961; Ray et al., 2010).
Despite this moderate difference in susceptibility, pulmonary
infection of rats does recapitulate human disease pathology
(Francis and Callender, 1927; Dennis et al., 2001; Lamps et al.,
2004; Guarner and Zaki, 2006; Hutt et al., 2017). F. holartica LVS
and F. novicida vaccine efficacy has been evaluated in Fisher 344
rats and found to protect against virulent challenge (Wu et al.,
2009; Signarovitz et al., 2012; Chu et al., 2014). One argument
for the use of rats as the preferred small animal model is their
ability to protected from high doses of pulmonary F. tularensis
challenge (2 × 105 CFU) after F. holartica LVS vaccination (Wu
et al., 2009). While the ability to protect against high doses
of F. tularensis is a primary goal in vaccine development, the
rat’s natural resistance to F. tularensis may overestimate the
protective efficacy of a vaccine candidate as human studies have
demonstrated poor or moderate protection with 10- to 100-fold
lower challenge doses (McCrumb, 1961; Hornick and Eigelsbach,
1966).

Rabbits
The use of rabbits as an animal model for tularemia has recently
been revisited. Tularemia is also known as “rabbit fever” and
rabbits are a natural host for Francisella species. Disease in
the rabbit recapitulates human pathology and rabbits show
similar susceptibility to the different subspecies of Francisella
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like humans (Baskerville and Hambleton, 1976; Reed et al., 2011;
Brown et al., 2015a). New Zealand White rabbits tolerate high
doses of F. holartica LVS during oral, respiratory, or scarification
vaccination, yet vaccinated animals do not survive F. tularensis
challenge (Pasetti et al., 2008; Reed et al., 2014; Stinson et al.,
2016). Similarly, type B vaccinated wild-caught cottontail rabbits
had an extension in the mean time to death after type A challenge
compared to unvaccinated animals but did not survive virulent
secondary infection (Brown et al., 2015b). Defined F. tularensis
mutants were partially protective against aerosol challenge with
50–500 LD50 doses of wild-type F. tularensis in the New Zealand
White rabbit suggesting the choice of vaccinating strain impacts
protection (Reed et al., 2014). Overall, the rabbit is another
appropriate small animal model for evaluating vaccine efficacy
prior to non-human primate (NHP) or human studies.

Non-human Primates
Although NHP studies are more challenging and costly
to conduct, this animal model also recapitulates tularemia
pathology in humans. Importantly, NHPs mirror several aspects
of human disease not observed in the rabbit, rat, or mouse. First,
NHPs can develop skin lesions and lymphadenopathy (Nelson
et al., 2010). Second, primates have V9γV2δ T cells which expand
after human infection, but are absent in small rodents (Sumida
et al., 1992; Kroca et al., 2000). Several NHP species have been
used in tularemia studies including African green monkeys,
cynomolgus macaques, grivet monkeys, rhesus macaques, and
marmosets (Hornick and Eigelsbach, 1966; Sawyer et al., 1966;
Tulis et al., 1970; Baskerville et al., 1978; Hambleton et al., 1978;
Nelson et al., 2009, 2010; Twenhafel et al., 2009; Chu et al., 2014;
Glynn et al., 2015). Most NHP species have similar susceptibility
to F. tularensis infection as humans with lethal infectious doses
<100 CFUs (Nelson et al., 2009; Glynn et al., 2015). While the
LD50 for rhesus macaques was determined to be low (14 CFU)
in the 1970’s, a more recent study found they were remarkably
resistant (lethal dose >2 × 105 CFU) (Day and Berendt, 1972;
Glynn et al., 2015). The original study found the particle size
affected the LD50 with larger particles having higher LD50 values
(Day and Berendt, 1972). This factor could be contributing to
the large difference in LD50 values between the two studies.
There have been a limited number of vaccine studies in NHP
using either LVS or F. novicida. As observed in the mouse
and rat, LVS vaccination can protect NHP during F. tularensis
challenge (Eigelsbach et al., 1962; White et al., 1962; Hornick and
Eigelsbach, 1966; Chu et al., 2014). To date, there is no consensus
on the most appropriate NHP species to use for tularemia studies
although there are clearly several candidates that mirror human
disease.

Ultimately, studies in mice, rats, rabbits, and NHPs will
likely be required to satisfy the Animal Rule for new tularemia
vaccines or therapeutics. Mice, rats, and rabbits are particularly
useful for evaluating vaccine efficacy and defining mechanisms
of protection given their small size, available tools, and ability
to recapitulate various aspects of human disease. A vaccine or
therapeutic that is successful in small mammals, especially given
the mouse’s increased susceptibility to F. tularensis, is likely to
have success in NHPs. Following confirmatory studies in NHPs

that indicate a high probability of success in humans, the FDA’s
Animal Rule will be satisfied.

IMMUNE RESPONSES TO FRANCISELLA

B Cells
Tularemia infection induces anti-Francisella antibodies in both
mouse and man (Koskela and Herva, 1982; Koskela, 1985;
Koskela and Salminen, 1985; Janovská et al., 2007). Many of these
antibodies are directed against the LPS components, especially
early in the infection, but many other immunogenic proteins
have been described (Dreisbach et al., 2000; Eyles et al., 2007).
It was reported that immunization of DBA/2 and C57Bl/6 with
F. holartica LVS did not protect mice from lethal challenge
with virulent F. tularensis. In contrast, vaccination of BALB/c or
C3H/HeN mice were protected following identical vaccination
(Twine et al., 2006b; Kilmury and Twine, 2010). Serum from
C57Bl/6 and BALB/c were shown to recognize both shared and
unique proteins from Francisella. It is not clear if this reflects
an intrinsic difference in their B cell responses or a difference in
the CD4 helper response. The proteins differentially recognized
include outer membrane associated proteins as well as protein
chain elongation factors (Twine et al., 2006a).

Antibodies against Francisella LPS have shown a protective
capacity against lethal intradermal and intraperitoneal LVS
challenge (Rhinehart-Jones et al., 1994; Culkin et al., 1997; Fulop
et al., 2001; Stenmark et al., 2003; Sebastian et al., 2007). This
protection is induced early after challenge and is driven by poly-
specific IgM against the LPS components, though non-specific
stimulation with monophosphoryl lipid A (MPL) could provide
similar protection against LVS challenge (Cole et al., 2011).
Given that intradermal vaccination with F. holartica LVS does
not provide protection against F. tularensis intranasal challenge,
and that intranasal vaccination protects against both routes of
challenge suggests mucosal IgA could be involved (Conlan et al.,
2005;Wu et al., 2005). IgA has been detected in the serum of both
humans and mice as well as BAL from vaccinated mice (Koskela
and Herva, 1982; Koskela, 1985; Koskela and Salminen, 1985;
Lavine et al., 2007; Rawool et al., 2008). The protective effect of
anti-Francisella antibodies (subclass undefined) has been shown
to be independent of complement yet dependent on Fc receptors
and phagocytosis (Kirimanjeswara et al., 2007).

Early treatments for Francisella centered around the use
of immune serum (Francis and Felton, 1942; Foshay, 1950;
Tärnvik, 1989). It is unclear whether this treatment was effective
against pulmonary tularemia (Kirimanjeswara et al., 2008). In
mice, serum transfer shows some protection against pulmonary
F. holartica LVS and F. novicida infection (Pammit et al., 2006;
Lu et al., 2007). Serum transfer from F. holartica LVS-immune
animals provides no protection against F. tularensis pulmonary
infection in BALB/c mice (Kirimanjeswara et al., 2008). In
anothermodel, convalescent serum from an F. tularensis-infected
levofloxacin treated mouse was protective in BALB/c mice
(Klimpel et al., 2008). The protection provided by antibody
transfer was dependent on FcγR-mediated opsonophagocytosis
as well as ADCC by Natural Killer cells (Kirimanjeswara et al.,
2007; Sanapala et al., 2012). Additionally, it is important to note
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that the protective ability of transferred serum is dependent on
T cells in both the mouse and rat (Kirimanjeswara et al., 2008;
Mara-Koosham et al., 2011). Therefore, the protection seen in
these models is likely a consequence of an intact T cell response.
Recently, nanoparticles incorporating lysates from either LVS or
SchuS4, along with MPL have be shown to protect mice from
lethal LVS challenge (Richard et al., 2017). This regime resulted in
both an augmented T cell INF-γ response as well as an increased
antibody response. The impact of these responses separately has
not been determined.

While the ability to detect anti-Francisella antibodies is
an indicator of previous exposure, antibody titers are poor
predictors of a vaccine’s protective efficacy in humans (Saslaw
et al., 1961a,b). As a pathogen that prefers to replicate
intracellularly, Francisella is typically inaccessible to the antibody
response. However, the organism can be found extracellularly
and thus antibodies could play a role in controlling infection
(Forestal et al., 2007; Yu et al., 2008). The demonstration by
several groups that T cells are required for immune sera to be
protective suggests that antibodies buy the host time for the T
cell response to appropriately develop. Further, B cells have been
shown to play an important antibody-independent role during
secondary F. holartica LVS infection as antigen-presenting cells
and/or cytokine producers (Elkins et al., 1999). Therefore, while
measuring the antibody response is a straightforward measure
of Francisella exposure, vaccine development should focus on
understanding the protective T cell response.

T Cells
αβ T Cells
Decades of Francisella research have demonstrated the absolute
requirement for T cells for the clearance of primary infections
and protective immunity. Mice lacking T cells such as αβ

TCR−/− or nu/nu mice develop a chronic F. holartica LVS
infection that is eventually lethal (Elkins et al., 1993, 1996; Yee
et al., 1996). Although naïve mice succumb to F. tularensis
infection prior to the development of adaptive immunity, a
convalescent model of F. tularensis infection shows αβ TCR−/−

and SCID mice succumb to infection after antibiotic treatment
is halted (Crane et al., 2012). T cells are also key mediators
of protective immunity in both homotypic and heterotypic
vaccination and challenge models (Yee et al., 1996; Chen et al.,
2004; Conlan et al., 2005; Wu et al., 2005; Mara-Koosham
et al., 2011; Roberts et al., 2016). Depletion of either CD4+ or
CD8+ T cells in immune animals prior to F. tularensis challenge
eliminates protective immunity in both BALB/c and C57Bl/6
mice with slight differences in mean time to death kinetics.
Immune BALB/c mice lacking either CD4+ or CD8+ T cells
have similar mean time to death whereas C57Bl/6 mice depleted
of CD4+ T cells succumb to F. tularensis significantly faster
than animals depleted of CD8+ T cells (Conlan et al., 2005;
Roberts et al., 2016). These data indicate that both subsets of T
cells are required for protective immunity with slightly different
requirements depending on the mouse and vaccinating strain.
The critical role of CD4+ T cells in C57Bl/6 mice is likely a
consequence of the immune response being dominated by CD4+

T cells with at least 2-fold more cells during or after vaccination

compared to CD8+ (Cowley et al., 2005; Woolard et al., 2008;
Barrigan et al., 2013; Griffin et al., 2015).

γδ T Cells
While αβ T cells are critical during primary and secondary
infection with Francisella, γδ T cells are dispensable. γδ

TCR−/− mice are not more susceptible to primary intranasal
or intradermal infection with F. holartica LVS (Yee et al., 1996;
Markel et al., 2010). In a convalescent model of F. tularensis,
γδ TCR−/− mice are not more susceptible than wild-type mice
during the primary or secondary challenge (Crane et al., 2012).
Together, γδ T cells do not play a major role in resolving
Francisella infection in the mouse. However, Vγ9/Vδ2 T cells
comprise almost all peripheral γδ T cells in infected humans and
canmake up one-third of all CD3+ T cells 1month after infection
(Sumida et al., 1992; Poquet et al., 1998). Purified γδ T cells from
some human patients are capable of controlling F. holartica-LVS
replication in THP-1 cells by an IFN-γ-dependent mechanism
(Rowland et al., 2012). There is evidence that γδ T cells produce
cytokines after infection (discussed below) and therefore are
contributing to the immune response albeit at a lower level than
other T cell subsets.

CD4− CD8− Double Negative T Cells
Mucosal associated invariant T cells (MAITs) are characterized
by the lack of CD4 and CD8 expression and are MHC-
related protein 1-restricted. Mice depleted of CD4+ and CD8+

T cells during F. holartica LVS infection are chronically
infected suggesting this MAIT population controls bacterial
burdens, but does not mediate clearance (Yee et al., 1996;
Meierovics et al., 2013). MAITs are preferentially located in the
lungs of intranasally inoculated mice, contribute to monocyte
differentiation into dendritic cells, and support the response of
CD4+ and CD8+ conventional T cells (Meierovics et al., 2013;
Meierovics and Cowley, 2016). While it is clear MAITs play a role
during attenuated F. holartica LVS infection, their contribution
to virulent Francisella infection has not been evaluated.

Important T Cell Effector Functions
Identifying the effector function(s) necessary for controlling
infection is a critical aspect of vaccine development. T cells from
convalescent humans produce IFN-γ, TNF-α, IL-2, IL-17, and
IL-22 indicating these cytokines are elicited by natural infection
or vaccination and therefore should be further assessed for their
role in protective immunity in animal models (Karttunen et al.,
1991; Surcel et al., 1991; Ericsson et al., 1994; Salerno-Gonçalves
et al., 2009; Paranavitana et al., 2010; Eneslätt et al., 2012). The
requirement of the classical Th1 cytokines IFN-γ and TNF-α
during murine Francisella infection has been demonstrated by
multiple groups (Leiby et al., 1992; Sjöstedt et al., 1996; Collazo
et al., 2006, 2009; Crane et al., 2012; Skyberg et al., 2013; Roberts
et al., 2014). F. holartica LVS is highly susceptible to IFN-
γ (Anthony et al., 1989; Fortier et al., 1992). In vitro, IFN-
γ directly controls F. holartica LVS replication in peritoneal
macrophages using a reactive-nitrogen dependent mechanism
(Fortier et al., 1992). However, in alveolar macrophages, IFN-
γ control of F. holartica LVS is reactive nitrogen and
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TNF-α independent (Polsinelli et al., 1994). Further, pre-
treatment of mouse or human macrophages with IFN-γ controls
F. tularensis infection via reactive nitrogen and reactive oxygen
independent mechanisms (Edwards et al., 2010). Together these
data suggest the role of reactive nitrogen and oxygen species
is cell-type dependent and another unknown mechanism to
restrict intracellular growth exists. In another model of in vitro
F. tularensis infection of mouse macrophages, treatment with
IFN-γ alone after infection did not control bacterial replication
(Roberts et al., 2016). Instead, both IFN-γ and TNF-α were
required (Roberts et al., 2016); the mechanism(s) that underlie
IFN-γ and TNF-α control of F. tularensis in BMMs has
not yet been elucidated. However, the requirement for both
effector cytokines for controlling bacterial replication indicate
that a vaccine candidate should elicit poly-functional T cells to
maximally control F. tularensis infection. IL-17A is also produced
by CD4+, CD4− CD8− double negative, and γδ T cells following
pulmonary infection with F. holartica LVS, but absent when
animals are peripherally inoculated (Woolard et al., 2008; Cowley
et al., 2010; Markel et al., 2010). Mice deficient in IL-17 are more
susceptible to primary infection with F. holartica LVS, yet IL-17
is dispensable during secondary infection with either F. holartica
LVS or F. tularensis (Woolard et al., 2008; Lin et al., 2009; Cowley
et al., 2010; Markel et al., 2010; Skyberg et al., 2013; Roberts et al.,
2014).

The ability of CD4+ and CD8+ T cells to produce cytokines
after vaccination or challenge has been evaluated using ELISPOT,
ELISA, and intracellular cytokine staining. These tried and
true methods are appropriate in many situations but are
not a direct measure of a specific cell population’s ability to
control intracellular replication. One technique used by multiple
laboratories to directly assess immune cell function is to co-
culture infected bone marrow macrophages (BMMs) with a
population of interest, e.g., CD4+ T cells. This technique has
been used to determine whether specific cell populations are
capable of mediating bacterial control and if so, what molecular
mechanisms are required (Cowley and Elkins, 2003; Cowley
et al., 2005; Collazo et al., 2009). Using this technique, groups
have demonstrated that CD4+, CD8+, and MAIT cells control
attenuated or virulent Francisella replication in macrophages,
further underscoring the importance of these cell subsets during
infection (Cowley and Elkins, 2003; Cowley et al., 2005; Collazo
et al., 2009; Roberts et al., 2016). Although the control of
bacterial replication is mostly dependent on IFN-γ, several
groups have demonstrated a small, but significant degree of
IFN-γ independent control of F. holartica LVS replication in
macrophages (Cowley and Elkins, 2003; Collazo et al., 2009).
IFN-γ-independent control of Francisella infection could be a
result of cytotoxic activity. Unfortunately, the contribution of
granzyme B and/or perforin has not been evaluated in F. holartica
LVS or F. tularensis infection. Perforin does contribute to
protection after F. novicida vaccination and was necessary for
primed T cells to optimally control bacterial replication in
macrophages (Sanapala et al., 2012). Co-culture assays have also
been used to identify correlates of protection and vaccine efficacy
(De Pascalis et al., 2012, 2014; Griffin et al., 2015; Golovliov et al.,
2016; Roberts et al., 2016, 2017). Thus far, the identified correlates
of protection are consistent with our understanding of protective

immunity and include classic Th1-associated responses (IFN-γ,
IL-12, and T-bet) as well as IL-6, IL-18, SOCS-1, and iNOS (De
Pascalis et al., 2012; Golovliov et al., 2016). Overall, the use of
a co-culture system to define the mechanism of protection will
likely be an important component of vaccine evaluation and is a
useful in vitro system to screen vaccine candidates. Furthermore,
co-culture assays can be used to determine the ability of human
immune cells to control F. tularensis replication and confirm
mechanisms of protection discovered in animal models.

Route of Vaccination and Influence on the

Immune Response
The route of vaccination, bacterial strain, and mouse strain
utilized has a strong influence on whether a vaccine candidate
is deemed protective. For example, while mice vaccinated via
the intradermal route with F. holartica LVS are protected
only against subsequent intradermal challenge, no protection
against pulmonary F. tularensis challenge is provided (Wu
et al., 2005; KuoLee et al., 2007). Using another strain of
F. holartica LVS, Anderson, et al. demonstrated BALB/c mice
are protected from pulmonary F. tularensis challenge after
subcutaneous vaccination (Anderson et al., 2010). Further, mice
vaccinated intranasally are protected against challenge by either
the intradermal or intranasal route, suggesting the location of the
protective cell is important. When considering the development
of protective T cell responses, it is therefore important to
understand the localization of protective T cells. Tularemia is a
disseminated disease, causing T cells to respond throughout the
body during primary and secondary infection. Not surprisingly,
the location of T cells during and after vaccination differs
depending on the mouse strain and route of vaccination. A direct
comparison was made between C57Bl/6 mice intradermally and
intranasally vaccinated with F. holartica LVS. The CD4+ T cell
response in the spleen and lung more rapidly expands after
intradermal vaccination whereas T cells are only present in
the broncheoalveolar lavage fluid after intranasal vaccination
(Woolard et al., 2008). In a prime-boost model of intranasal
F. holartica LVS vaccination in C57Bl/6 animals, the number
of effector and cytokine-producing CD4+ T cells in the lung is
significantly increased compared to prime only, whereas there
is no difference in the spleen (Roberts et al., 2017). These
data suggest multiple intranasal exposures specifically boost the
number of T cells in the pulmonary compartment. In contrast,
protection in immune BALB/c mice challenged intranasally with
F. tularensis correlated with splenic activated and cytokine-
producing CD4+ T cells as opposed to pulmonary T cells
(Anderson et al., 2010). The difference in protective T cell
location between BALB/c and C57Bl/6 is likely a mouse strain
difference but highlights the importance of understanding the
location of protective T cells in tularemia. Specifically, C57Bl/6
mice are not protected 90 days after a single LVS vaccination
whereas BALB/c mice are (Anderson et al., 2010; Roberts et al.,
2017).

T Cell Epitopes
F. holartica LVS is not licensed for use in the United States
and it is unlikely that any live vaccine will be licensed for
tularemia due to safety concerns. Generation of an acellular
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vaccine will require the identification of epitopes recognized
by the adaptive immune system combined with adjuvants that
provoke the appropriate T cell response. The ability of a vaccine
to provoke high avidity CD4+ T cells significantly improves
vaccine efficacy (Roberts et al., 2016, 2017). While this system
uses an epitope not present in Francisella, it serves as proof-of-
concept that identifying this class of epitope is critical for future
acellular vaccine development. Several CD4+ epitopes have been
identified in themouse, including the C57Bl/6 immunodominant
epitope, LpnA86−99, which comprises up to 20% of responding
CD4+ T cells after LVS infection (Valentino et al., 2009,
2011). A computational approach was taken to identify CD8-
resistricted epitopes and a DNA-based vaccination containing
the most prominent epitopes did protect during F. holartica
LVS challenge (Rotem et al., 2014). Bioinformatics also identified
Francisella peptides with predicted binding to human MHCI
and MHCII (McMurry et al., 2007). The response to these
peptides was then tested in PBMCs from humans previously
infected with F. tularensis using ELISPOT and 39 novel epitopes
were identified (McMurry et al., 2007). A comprehensive list of
proteins recognized by convalescent human sera and F. holartica
LVS-vaccinated mouse serum is presented in Kilmury and Twine
(2010). This list is particularly useful because recognition of a
protein by immune sera strongly suggests a T cell epitope is also
present in that protein. In addition to being recognized by human
sera, LpnA is recognized by sera from vaccinated NHP, rats, and
mice suggesting T cell epitopes recognized by multiple species
are present in this protein (Havlasová et al., 2002; Eyles et al.,
2007; Chu et al., 2014). Given the diversity of MHC alleles across
species and the requirements of the Animal Rule, Francisella
proteins that evoke immune responses in mice, rats, NHPs, and
humans like LpnA are attractive vaccine targets.

RATIONAL VACCINE DESIGN

Many labs have investigated potential vaccines by screening
the ability of mutant Francisella strains that do not cause
disease themselves to act as a live vaccine (reviewed in Conlan,
2011; Marohn and Barry, 2013). In many cases, these strains
offer the same or enhanced protection compared to wild-type
F. holartica LVS. Instead of targeting strains that are attenuated
for growth as vaccine candidates, our lab has used a different
approach. We found that Francisella infected macrophages
produce prostaglandin E2 (PGE2) that blunts the T cell IFN-
γ response (Woolard et al., 2007, 2008). Mice treated with
indomethacin to inhibit PGE2 production had lower bacterial
loads indicating the bacterium is manipulating the host immune
response to its benefit. Therefore, instead of using a screen to find
growth-attenuated bacteria, we identified an immune evasion
trait of Francisella and selected mutants that were unable to
suppress that particular immune response. When we screened
a F. novicida mutant library, we found that mutants in the
clpB gene were unable to induce PGE2 secretion in infected
macrophages (Woolard et al., 2013). Upon further study, we
found that F. holartica LVS carrying mutations in this gene
were attenuated in vivo, rarely produced disease, and protected

against a lethal wild-type F. holartica LVS challenge (Barrigan
et al., 2013). Similarly, an F. tularensis 1clpB mutant is also
attenuated in vivo yet elicits a protective immune response during
wild-type F. tularensis challenge (Conlan et al., 2010; Twine
et al., 2012). The experiments described above clearly show that
we can identify mutations that attenuate Francisella infection
without directly affecting bacterial growth in vitro. Therefore, it is
important to also consider mutations that target immune evasion
mechanism(s) as potential vaccine candidates.

Although a live vaccine for tularemia may induce a
protective immune response, safety concerns may ultimately
prevent licensure. In lieu of live attenuated strains as vaccine
candidates, several groups have investigated the use of acellular
tularemia vaccines including glycoconjugate vaccines, purified
outer membrane proteins, immune stimulating complexes, and
catanionic surfactant vesicles (Golovliov et al., 1995; Huntley
et al., 2008; Cuccui et al., 2013; Richard et al., 2014, 2017). These
acellular vaccines evoke partial protection when animals were
challenged with F. tularensis. Identification of protective antigens
will significantly improve the development of new acellular
Francisella vaccines and should be a focus of future research.

Irrespective of the vaccine choice, an important consideration
for its development will be the vaccination route(s). As discussed
above, the route of vaccination influences the location and
function of immune T cells (Woolard et al., 2008). The ability of
Francisella species to cause disease via a variety of routes and the
disseminated nature of tularemia suggests that the most effective
vaccination strategy will provoke T cells in a variety of tissues.
One mechanism to provoke multiple pools of protective T cells
is to utilize a prime/boost strategy where one immunization is
done via inhalation and one intradermally or subcutaneously.
This approach will quantitatively improve the immune response
while inducing memory T cells in multiple tissues.

Novel vaccine candidates are likely to be tested first in
mice prior to moving to other small mammals and eventually
NHPs. The mouse is the most rational choice for initial studies
because of the immunological tools available to clearly define
mechanisms of protection. To date, the identified mechanisms of
protection are the same between mice, rats, and man therefore
there is a high likelihood that results from a novel vaccine
candidate will translate to humans. A final critical consideration
for vaccine development is the requirement that a candidate be
evaluated for its ability to protect against pulmonary infection
with F. tularensis. While we have learned a great deal about the
immune response during tularemia using homologous vaccine
and challenge studies, challenge with F. tularensis is the most
rigorous evaluation of a vaccine candidate’s ability to elicit a
protective immune response.

FUTURE CHALLENGES

Considerable progress has been made in understanding aspects
of protective immunity to Francisella, yet important challenges
remain. First, vaccines tested to-date only protect against low to
moderate pulmonary challenges with F. tularensis in both mice
and man (McCrumb, 1961; Saslaw et al., 1961a; Chen et al.,
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2003; Conlan et al., 2005; Roberts et al., 2017). The difficultly
protecting against higher respiratory doses may be a consequence
of an insufficient T cell response and/or the unique ability of
F. tularensis to inhibit the innate immune response (Bosio et al.,
2007; Crane et al., 2013a,b; Gillette et al., 2014). Higher inoculum
doses result in more bacteria interacting with target cells and
potentially a more complete inhibition of innate immunity.
Without the proper innate immune signals, T cells are not
activated until bacterial loads are too high to overcome. Even with
low inoculum doses, protective immunity to F. tularensis wanes
quickly (Burke, 1977). Therefore, another challenge of vaccine
development will be to provoke long-lasting central memory
cells. The inability to protect mice against high challenge doses
for long periods of time makes them an ideal model for testing
vaccine candidates. Further, the genetic and immunological tools
available for the mouse allow the protective immune response to
be defined. Ultimately, success in multiple animal models will be
required for approval of novel tularemia vaccines or therapeutics
under the Animal Rule.

During the last 10 years there has been remarkable
improvement in our understanding the immune response to
Francisella. This has been accompanied by production of a wide

variety of potential vaccines, ranging from those developed using
classical vaccinology, attenuated live bacteria, immunization
using novel nanoparticles, and even LPS. Our own work
has focused on better understanding protective immunity to
Francisella, from defining mechanisms of immune evasion that
can be modulated to more recent work identifying correlates
of protection during F. tularensis challenge in immune animals
(Woolard et al., 2007, 2008; Roberts et al., 2016, 2017). Even
if live attenuated bacteria are never licensed for use, our
understanding of immunity Francisella, and potentially other
pulmonary bacterial pathogens have been greatly expanded.

AUTHOR CONTRIBUTIONS

All authors listed made substantial direct and intellectual
contributions to the work and approved it for publication.

FUNDING

This research was supported in part by the Intramural Research
Program of the National Institutes of Health, National Institute
of Allergy of Infectious Diseases.

REFERENCES

Alibek, K., and Handelman, S. (1999). Biohazard: The Chilling True Story of the

Largest Covert Biological Weapons Program in the World, Told from the Inside

by the Man Who Ran It. New York, NY: Random House.

Anderson, R. V., Crane, D. D., and Bosio, C. M. (2010). Long lived

protection against pneumonic tularemia is correlated with cellular

immunity in peripheral, not pulmonary, organs. Vaccine 28, 6562–6572.

doi: 10.1016/j.vaccine.2010.07.072

Anthony, L. S., Ghadirian, E., Nestel, F. P., and Kongshavn, P. A. (1989). The

requirement for gamma interferon in resistance of mice to experimental

tularemia.Microb. Pathog. 7, 421–428. doi: 10.1016/0882-4010(89)90022-3

Barrigan, L. M., Tuladhar, S., Brunton, J. C., Woolard, M. D., Chen, C. J.,

Saini, D., et al. (2013). Infection with Francisella tularensis LVS clpB leads

to an altered yet protective immune response. Infect. Immun. 81, 2028–2042.

doi: 10.1128/IAI.00207-13

Baskerville, A., and Hambleton, P. (1976). Pathogenesis and pathology of

respiratory tularaemia in the rabbit. Br. J. Exp. Pathol. 57, 339–347.

Baskerville, A., Hambleton, P., and Dowsett, A. B. (1978). The pathology of

untreated and antibiotic-treated experimental tularaemia in monkeys. Br. J.

Exp. Pathol. 59, 615–623.

Beasley, D. W. C., Brasel, T. L., and Comer, J. E. (2016). First vaccine

approval under the FDA Animal Rule. NPJ Vaccines 1:16013.

doi: 10.1038/npjvaccines.2016.13

Bosio, C.M., Bielefeldt-Ohmann, H., and Belisle, J. T. (2007). Active suppression of

the pulmonary immune response by Francisella tularensis Schu4. J. Immunol.

178, 4538–4547. doi: 10.4049/jimmunol.178.7.4538

Brown, V. R., Adney, D. R., Bielefeldt-Ohmann, H., Gordy, P. W., Felix, T. A.,

Olea-Popelka, F. J., et al. (2015a). Pathogenesis and immune responses of

Francisella Tularensis strains in wild-caught cottontail rabbits (Sylvilagus spp.).

J. Wildl. Dis. 51, 564–575. doi: 10.7589/2015-02-030

Brown, V. R., Adney, D. R., Olea-Popelka, F., and Bowen, R. A. (2015b). Prior

inoculation with Type B Strains of Francisella tularensis provides partial

protection against virulent type A strains in cottontail rabbits. PLoS ONE

10:e0140723. doi: 10.1371/journal.pone.0140723

Burke, D. S. (1977). Immunization against tularemia: analysis of the effectiveness

of live Francisella tularensis vaccine in prevention of laboratory-acquired

tularemia. J. Infect. Dis. 135, 55–60. doi: 10.1093/infdis/135.1.55

Carlsson, H. E., Lindberg, A. A., Lindberg, G., Hederstedt, B., Karlsson, K. A., and

Agell, B. O. (1979). Enzyme-linked immunosorbent assay for immunological

diagnosis of human tularemia. J. Clin. Microbiol. 10, 615–621.

Chen, W., KuoLee, R., Shen, H., and Conlan, J. W. (2004). Susceptibility

of immunodeficient mice to aerosol and systemic infection with

virulent strains of Francisella tularensis. Microb. Pathog. 36, 311–318.

doi: 10.1016/j.micpath.2004.02.003

Chen, W., Shen, H., Webb, A., Kuolee, R., and Conlan, J. W. (2003).

Tularemia in BALB/c and C57BL/6 mice vaccinated with Francisella

tularensis LVS and challenged intradermally, or by aerosol with virulent

isolates of the pathogen: protection varies depending on pathogen virulence,

route of exposure, and host genetic background. Vaccine 21, 3690–3700.

doi: 10.1016/S0264-410X(03)00386-4

Christopher, G. W., Cieslak, T. J., Pavlin, J. A., and Eitzen, E. M. Jr.

(1997). Biological warfare. A historical perspective. JAMA 278, 412–417.

doi: 10.1001/jama.1997.03550050074036

Chu, P., Cunningham, A. L., Yu, J. J., Nguyen, J. Q., Barker, J. R., Lyons, C. R., et al.

(2014). Live attenuated Francisella novicida vaccine protects against Francisella

tularensis pulmonary challenge in rats and non-human primates. PLoS Pathog.

10:e1004439. doi: 10.1371/journal.ppat.1004439

Clarridge, J. E. 3rd, Raich, T. J., Sjosted, A., Sandstrom, G., Darouiche, R.

O., Shawar, R. M., et al. (1996). Characterization of two unusual clinically

significant Francisella strains. J. Clin. Microbiol. 34, 1995–2000.

Cole, L. E., Mann, B. J., Shirey, K. A., Richard, K., Yang, Y., Gearhart, P. J., et al.

(2011). Role of TLR signaling in Francisella tularensis-LPS-induced, antibody-

mediated protection against Francisella tularensis challenge. J. Leukoc. Biol. 90,

787–797. doi: 10.1189/jlb.0111014

Collazo, C. M., Meierovics, A. I., De Pascalis, R., Wu, T. H., Lyons, C. R., and

Elkins, K. L. (2009). T cells from lungs and livers of Francisella tularensis-

immune mice control the growth of intracellular bacteria. Infect. Immun. 77,

2010–2021. doi: 10.1128/IAI.01322-08

Collazo, C. M., Sher, A., Meierovics, A. I., and Elkins, K. L. (2006).

Myeloid differentiation factor-88 (MyD88) is essential for control of

primary in vivo Francisella tularensis LVS infection, but not for control

of intra-macrophage bacterial replication. Microbes Infect. 8, 779–790.

doi: 10.1016/j.micinf.2005.09.014

Conlan, J. W. (2011). Tularemia vaccines: recent developments and remaining

hurdles. Future Microbiol. 6, 391–405. doi: 10.2217/fmb.11.22

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 7 April 2018 | Volume 8 | Article 115

https://doi.org/10.1016/j.vaccine.2010.07.072
https://doi.org/10.1016/0882-4010(89)90022-3
https://doi.org/10.1128/IAI.00207-13
https://doi.org/10.1038/npjvaccines.2016.13
https://doi.org/10.4049/jimmunol.178.7.4538
https://doi.org/10.7589/2015-02-030
https://doi.org/10.1371/journal.pone.0140723
https://doi.org/10.1093/infdis/135.1.55
https://doi.org/10.1016/j.micpath.2004.02.003
https://doi.org/10.1016/S0264-410X(03)00386-4
https://doi.org/10.1001/jama.1997.03550050074036
https://doi.org/10.1371/journal.ppat.1004439
https://doi.org/10.1189/jlb.0111014
https://doi.org/10.1128/IAI.01322-08
https://doi.org/10.1016/j.micinf.2005.09.014
https://doi.org/10.2217/fmb.11.22
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Roberts et al. Adaptive Immunity to Francisella

Conlan, J. W., Chen, W., Shen, H., Webb, A., and Kuolee, R. (2003). Experimental

tularemia inmice challenged by aerosol or intradermally with virulent strains of

Francisella tularensis: bacteriologic and histopathologic studies.Microb. Pathog.

34, 239–248. doi: 10.1016/S0882-4010(03)00046-9

Conlan, J. W., Shen, H., Golovliov, I., Zingmark, C., Oyston, P. C., Chen,

W., et al. (2010). Differential ability of novel attenuated targeted deletion

mutants of Francisella tularensis subspecies tularensis strain SCHU S4

to protect mice against aerosol challenge with virulent bacteria: effects

of host background and route of immunization. Vaccine 28, 1824–1831.

doi: 10.1016/j.vaccine.2009.12.001

Conlan, W. J., Shen, H., Kuolee, R., Zhao, X., and Chen, W. (2005).

Aerosol-, but not intradermal-immunization with the live vaccine strain

of Francisella tularensis protects mice against subsequent aerosol challenge

with a highly virulent type A strain of the pathogen by an alphabeta T

cell- and interferon gamma- dependent mechanism. Vaccine 23, 2477–2485.

doi: 10.1016/j.vaccine.2004.10.034

Cowley, S. C., and Elkins, K. L. (2003). Multiple T cell subsets control

Francisella tularensis LVS intracellular growth without stimulation through

macrophage interferon gamma receptors. J. Exp. Med. 198, 379–389.

doi: 10.1084/jem.20030687

Cowley, S. C., Hamilton, E., Frelinger, J. A., Su, J., Forman, J., and Elkins, K. L.

(2005). CD4-CD8- T cells control intracellular bacterial infections both in vitro

and in vivo. J. Exp. Med. 202, 309–319. doi: 10.1084/jem.20050569

Cowley, S. C., Meierovics, A. I., Frelinger, J. A., Iwakura, Y., and Elkins, K. L.

(2010). Lung CD4-CD8- double-negative T cells are prominent producers

of IL-17A and IFN-gamma during primary respiratory murine infection

with Francisella tularensis live vaccine strain. J. Immunol. 184, 5791–5801.

doi: 10.4049/jimmunol.1000362

Crane, D. D., Griffin, A. J., Wehrly, T. D., and Bosio, C. M. (2013a). B1a

cells enhance susceptibility to infection with virulent Francisella tularensis

via modulation of NK/NKT cell responses. J. Immunol. 190, 2756–2766.

doi: 10.4049/jimmunol.1202697

Crane, D. D., Ireland, R., Alinger, J. B., Small, P., and Bosio, C. M. (2013b).

Lipids derived from virulent Francisella tularensis broadly inhibit pulmonary

inflammation via toll-like receptor 2 and peroxisome proliferator-activated

receptor α. Clin. Vaccine Immunol. 20, 1531–1540. doi: 10.1128/CVI.00319-13

Crane, D. D., Scott, D. P., and Bosio, C. M. (2012). Generation of a

convalescent model of virulent Francisella tularensis infection for assessment

of host requirements for survival of tularemia. PLoS ONE 7:e33349.

doi: 10.1371/journal.pone.0033349

Cuccui, J., Thomas, R. M., Moule, M. G., D’Elia, R. V., Laws, T. R., Mills, D. C.,

et al. (2013). Exploitation of bacterial N-linked glycosylation to develop a novel

recombinant glycoconjugate vaccine against Francisella tularensis. Open Biol.

3:130002. doi: 10.1098/rsob.130002

Culkin, S. J., Rhinehart-Jones, T., and Elkins, K. L. (1997). A novel role for B cells

in early protective immunity to an intracellular pathogen, Francisella tularensis

strain LVS. J. Immunol. 158, 3277–3284.

Day, W. C., and Berendt, R. F. (1972). Experimental tularemia inMacaca mulatta:

relationship of aerosol particle size to the infectivity of airborne Pasteurella

tularensis. Infect. Immun. 5, 77–82.

Dennis, D. T., Inglesby, T. V., Henderson, D. A., Bartlett, J. G., Ascher, M. S.,

Eitzen, E., et al. (2001). Tularemia as a biological weapon: medical and public

health management. JAMA 285, 2763–2773. doi: 10.1001/jama.285.21.2763

De Pascalis, R., Chou, A. Y., Bosio, C. M., Huang, C. Y., Follmann, D. A., and

Elkins, K. L. (2012). Development of functional and molecular correlates of

vaccine-induced protection for a model intracellular pathogen, F. tularensis

LVS. PLoS Pathog. 8:e1002494. doi: 10.1371/journal.ppat.1002494

De Pascalis, R., Chou, A. Y., Ryden, P., Kennett, N. J., Sjostedt, A., and Elkins,

K. L. (2014). Models derived from in vitro analyses of spleen, liver, and lung

leukocyte functions predict vaccine efficacy against the Francisella tularensis

Live Vaccine Strain (LVS).MBio 5:e00936. doi: 10.1128/mBio.00936-13

Downs, C. M., Coriell, L. L., and Pinchot, G. B., Maumenee, E., Klauber,

A., Chapman ,S. S., et al. (1947). Studies on tularemia; the comparative

susceptibility of various laboratory animals. J. Immunol. 56, 217–228.

Dreisbach, V. C., Cowley, S., and Elkins, K. L. (2000). Purified lipopolysaccharide

from Francisella tularensis live vaccine strain (LVS) induces protective

immunity against LVS infection that requires B cells and gamma interferon.

Infect. Immun. 68, 1988–1996. doi: 10.1128/IAI.68.4.1988-1996.2000

Edwards, J. A., Rockx-Brouwer, D., Nair, V., and Celli, J. (2010).

Restricted cytosolic growth of Francisella tularensis subsp. tularensis

by IFN-gamma activation of macrophages. Microbiology 156, 327–339.

doi: 10.1099/mic.0.031716-0

Eigelsbach, H. T., and Downs, C. M. (1961). Prophylactic effectiveness of live and

killed tularemia vaccines. I. Production of vaccine and evaluation in the white

mouse and guinea pig. J. Immunol. 87, 415–425.

Eigelsbach, H. T., Tulis, J. J., McGavran, M. H., and White, J. D. (1962).

Live tularemia vaccine I. : host-parasite relationship in monkeys vaccinated

intracutaneously or aerogenically. J. Bacteriol. 84, 1020–1027.

Elkins, K. L., Bosio, C. M., and Rhinehart-Jones, T. R. (1999). Importance of B

cells, but not specific antibodies, in primary and secondary protective immunity

to the intracellular bacterium Francisella tularensis live vaccine strain. Infect.

Immun. 67, 6002–6007.

Elkins, K. L., Rhinehart-Jones, T., Nacy, C. A., Winegar, R. K., and Fortier, A. H.

(1993). T-cell-independent resistance to infection and generation of immunity

to Francisella tularensis. Infect. Immun. 61, 823–829.

Elkins, K. L., Rhinehart-Jones, T. R., Culkin, S. J., Yee, D., and Winegar, R.

K. (1996). Minimal requirements for murine resistance to infection with

Francisella tularensis LVS. Infect. Immun. 64, 3288–3293.

Ellis, J., Oyston, P. C., Green, M., and Titball, R. W. (2002). Tularemia. Clin.

Microbiol. Rev. 15, 631–646. doi: 10.1128/CMR.15.4.631-646.2002

Eneslätt, K., Normark, M., Bjork, R., Rietz, C., Zingmark, C., Wolfraim, L. A., et al.

(2012). Signatures of T cells as correlates of immunity to Francisella tularensis.

PLoS ONE 7:e32367. doi: 10.1371/journal.pone.0032367

Ericsson, M., Sandstrom, G., Sjostedt, A., and Tarnvik, A. (1994). Persistence of

cell-mediated immunity and decline of humoral immunity to the intracellular

bacterium Francisella tularensis 25 years after natural infection. J. Infect. Dis.

170, 110–114. doi: 10.1093/infdis/170.1.110

Evans, M. E., Gregory, D. W., Schaffner, W., and McGee, Z. A. (1985).

Tularemia: a 30-year experience with 88 cases. Medicine 64, 251–269.

doi: 10.1097/00005792-198507000-00006

Eyles, J. E., Unal, B., Hartley, M. G., Newstead, S. L., Flick-Smith, H., Prior, J. L.,

et al. (2007). Immunodominant Francisella tularensis antigens identified using

proteome microarray. Proteomics 7, 2172–2183. doi: 10.1002/pmic.200600985

Forestal, C. A., Malik, M., Catlett, S. V., Savitt, A. G., Benach, J. L., Sellati, T. J., et al.

(2007). Francisella tularensis has a significant extracellular phase in infected

mice. J. Infect. Dis. 196, 134–137. doi: 10.1086/518611

Fortier, A. H., Polsinelli, T., Green, S. J., and Nacy, C. A. (1992). Activation

of macrophages for destruction of Francisella tularensis: identification of

cytokines, effector cells, and effector molecules. Infect. Immun. 60, 817–825.

Fortier, A. H., Slayter, M. V., Ziemba, R., Meltzer, M. S., and Nacy, C. A. (1991).

Live vaccine strain of Francisella tularensis: infection and immunity in mice.

Infect. Immun. 59, 2922–2928.

Foshay, L. (1950). Tularemia. Annu. Rev. Microbiol. 4, 313–330.

doi: 10.1146/annurev.mi.04.100150.001525

Francis, E., and Callender, G. (1927). Tularemia: the microscopic changes of the

lesions in man. Arch. Pathol. Lab. Med. 3, 577–607.

Fulop, M., Mastroeni, P., Green, M., and Titball, R. W. (2001). Role of

antibody to lipopolysaccharide in protection against low- and high-

virulence strains of Francisella tularensis. Vaccine 19, 4465–4472.

doi: 10.1016/S0264-410X(01)00189-X

Francis, E., and Felton, L. D. (1942). Antitularemic serum. Public Health Rep. 57,

44–55. doi: 10.2307/4583978

Gillette, D. D., Curry, H. M., Cremer, T., Ravneberg, D., Fatehchand, K., Shah,

P. A., et al. (2014). Virulent type A Francisella tularensis actively suppresses

cytokine responses in human monocytes. Front. Cell. Infect. Microbiol. 4:45.

doi: 10.3389/fcimb.2014.00045

Gill, V., and Cunha, B. A. (1997). Tularemia pneumonia. Semin. Respir. Infect. 12,

61–67.

Glynn, A. R., Alves, D. A., Frick, O., Erwin-Cohen, R., Porter, A., Norris, S.,

et al. (2015). Comparison of experimental respiratory tularemia in three

nonhuman primate species. Comp. Immunol. Microbiol. Infect. Dis. 39, 13–24.

doi: 10.1016/j.cimid.2015.01.003

Golovliov, I., Ericsson, M., Akerblom, L., Sandstrom, G., Tarnvik, A., and Sjostedt,

A. (1995). Adjuvanticity of ISCOMs incorporating a T cell-reactive lipoprotein

of the facultative intracellular pathogen Francisella tularensis. Vaccine 13,

261–267. doi: 10.1016/0264-410X(95)93311-V

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 8 April 2018 | Volume 8 | Article 115

https://doi.org/10.1016/S0882-4010(03)00046-9
https://doi.org/10.1016/j.vaccine.2009.12.001
https://doi.org/10.1016/j.vaccine.2004.10.034
https://doi.org/10.1084/jem.20030687
https://doi.org/10.1084/jem.20050569
https://doi.org/10.4049/jimmunol.1000362
https://doi.org/10.4049/jimmunol.1202697
https://doi.org/10.1128/CVI.00319-13
https://doi.org/10.1371/journal.pone.0033349
https://doi.org/10.1098/rsob.130002
https://doi.org/10.1001/jama.285.21.2763
https://doi.org/10.1371/journal.ppat.1002494
https://doi.org/10.1128/mBio.00936-13
https://doi.org/10.1128/IAI.68.4.1988-1996.2000
https://doi.org/10.1099/mic.0.031716-0
https://doi.org/10.1128/CMR.15.4.631-646.2002
https://doi.org/10.1371/journal.pone.0032367
https://doi.org/10.1093/infdis/170.1.110
https://doi.org/10.1097/00005792-198507000-00006
https://doi.org/10.1002/pmic.200600985
https://doi.org/10.1086/518611
https://doi.org/10.1146/annurev.mi.04.100150.001525
https://doi.org/10.1016/S0264-410X(01)00189-X
https://doi.org/10.2307/4583978
https://doi.org/10.3389/fcimb.2014.00045
https://doi.org/10.1016/j.cimid.2015.01.003
https://doi.org/10.1016/0264-410X(95)93311-V
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Roberts et al. Adaptive Immunity to Francisella

Golovliov, I., Lindgren, H., Eneslatt, K., Conlan, W., Mosnier, A., Henry, T.,

et al. (2016). An in vitro co-culture mouse model demonstrates efficient

vaccine-mediated control of Francisella tularensis SCHU S4 and identifies

nitric oxide as a predictor of efficacy. Front. Cell. Infect. Microbiol. 6:152.

doi: 10.3389/fcimb.2016.00152

Griffin, A. J., Crane, D. D., Wehrly, T. D., and Bosio, C. M. (2015). Successful

protection against tularemia in C57BL/6 mice is correlated with expansion

of Francisella tularensis-specific effector T cells. Clin. Vaccine Immunol. 22,

119–128. doi: 10.1128/CVI.00648-14

Guarner, J., and Zaki, S. R. (2006). Histopathology and immunohistochemistry

in the diagnosis of bioterrorism agents. J. Histochem. Cytochem. 54, 3–11.

doi: 10.1369/jhc.5R6756.2005

Hambleton, P., Baskerville, A., Harris-Smith, P. W., and Bailey, N. E. (1978).

Changes in whole blood and serum components of grivet monkeys with

experimental respiratory Francisella tularensis infection. Br. J. Exp. Pathol. 59,

630–639.

Havlasová, J., Hernychova, L., Halada, P., Pellantova, V., Krejsek, J.,

Stulik, J., et al. (2002). Mapping of immunoreactive antigens of

Francisella tularensis live vaccine strain. Proteomics 2, 857–867.

doi: 10.1002/1615-9861(200207)2:7<857::AID-PROT857>3.0.CO;2-L

Hornick, R. B., and Eigelsbach, H. T. (1966). Aerogenic immunization of man with

live Tularemia vaccine. Bacteriol. Rev. 30, 532–538.

Huntley, J. F., Conley, P. G., Rasko, D. A., Hagman, K. E., Apicella, M. A., and

Norgard, M. V. (2008). Native outer membrane proteins protect mice against

pulmonary challenge with virulent type A Francisella tularensis. Infect. Immun.

76, 3664–3671. doi: 10.1128/IAI.00374-08

Hutt, J. A., Lovchik, J. A., Dekonenko, A., Hahn, A. C., and Wu, T. H. (2017).

The natural history of pneumonic Tularemia in female Fischer 344 rats after

inhalational exposure to aerosolized Francisella tularensis subspecies Tularensis

strain SCHU S4. Am. J. Pathol. 187, 252–267. doi: 10.1016/j.ajpath.2016.

09.021

Janovská, S., Pavkova, I., Reichelova, M., Hubaleka, M., Stulik, J., and Macela,

A. (2007). Proteomic analysis of antibody response in a case of laboratory-

acquired infection with Francisella tularensis subsp. tularensis. Folia Microbiol.

52, 194–198. doi: 10.1007/BF02932159

Johansson, A., Berglund, L., Eriksson, U., Goransson, I., Wollin, R., Forsman,

M., et al. (2000). Comparative analysis of PCR versus culture for diagnosis of

ulceroglandular tularemia. J. Clin. Microbiol. 38, 22–26.

Karttunen, R., Surcel, H. M., Andersson, G., Ekre, H. P., and Herva, E. (1991).

Francisella tularensis-induced in vitro gamma interferon, tumor necrosis

factor alpha, and interleukin 2 responses appear within 2 weeks of tularemia

vaccination in human beings. J. Clin. Microbiol. 29, 753–756.

Kilmury, S. L., and Twine, S. M. (2010). The Francisella tularensis

proteome and its recognition by antibodies. Front. Microbiol. 1:143.

doi: 10.3389/fmicb.2010.00143

Kirimanjeswara, G. S., Golden, J. M., Bakshi, C. S., and Metzger, D. W.

(2007). Prophylactic and therapeutic use of antibodies for protection against

respiratory infection with Francisella tularensis. J. Immunol. 179, 532–539.

doi: 10.4049/jimmunol.179.1.532

Kirimanjeswara, G. S., Olmos, S., Bakshi, C. S., and Metzger, D. W. (2008).

Humoral and cell-mediated immunity to the intracellular pathogen Francisella

tularensis. Immunol. Rev. 225, 244–255. doi: 10.1111/j.1600-065X.2008.00689.x

Klimpel, G. R., Eaves-Pyles, T., Moen, S. T., Taormina, J., Peterson, J. W., Chopra,

A. K., et al. (2008). Levofloxacin rescues mice from lethal intra-nasal infections

with virulent Francisella tularensis and induces immunity and production of

protective antibody. Vaccine 26, 6874–6882. doi: 10.1016/j.vaccine.2008.09.077

Koskela, P. (1985). Humoral immunity induced by a live Francisella

tularensis vaccine. Complement fixing antibodies determined by an

enzyme-linked immunosorbent assay (CF-ELISA). Vaccine 3, 389–391.

doi: 10.1016/0264-410X(85)90129-X

Koskela, P., and Herva, E. (1982). Cell-mediated and humoral immunity induced

by a live Francisella tularensis vaccine. Infect. Immun. 36, 983–989.

Koskela, P., and Salminen, A. (1985). Humoral immunity against Francisella

tularensis after natural infection. J. Clin. Microbiol. 22, 973–979.

Kroca, M., Tarnvik, A., and Sjostedt, A. (2000). The proportion of circulating

gammadelta T cells increases after the first week of onset of tularaemia and

remains elevated for more than a year. Clin. Exp. Immunol. 120, 280–284.

doi: 10.1046/j.1365-2249.2000.01215.x

KuoLee, R., Harris, G., Conlan, J. W., and Chen, W. (2007). Oral immunization of

mice with the live vaccine strain (LVS) of Francisella tularensis protects mice

against respiratory challenge with virulent type A F. tularensis. Vaccine 25,

3781–3791. doi: 10.1016/j.vaccine.2007.02.014

Lamps, L. W., Havens, J. M., Sjostedt, A., Page, D. L., and Scott, M.

A. (2004). Histologic and molecular diagnosis of tularemia: a potential

bioterrorism agent endemic to North America. Mod. Pathol. 17, 489–495.

doi: 10.1038/modpathol.3800087

Lauriano, C. M., Barker, J. R., Yoon, S. S., Nano, F. E., Arulanandam, B. P., Hassett,

D. J., et al. (2004). MglA regulates transcription of virulence factors necessary

for Francisella tularensis intraamoebae and intramacrophage survival. Proc.

Natl. Acad. Sci. U.S.A. 101, 4246–4249. doi: 10.1073/pnas.0307690101

Lavine, C. L., Clinton, S. R., Angelova-Fischer, I., Marion, T. N., Bina, X. R., Bina, J.

E., et al. (2007). Immunization with heat-killed Francisella tularensis LVS elicits

protective antibody-mediated immunity. Eur. J. Immunol. 37, 3007–3020.

doi: 10.1002/eji.200737620

Leiby, D. A., Fortier, A. H., Crawford, R. M., Schreiber, R. D., and Nacy, C. A.

(1992). In vivo modulation of the murine immune response to Francisella

tularensis LVS by administration of anticytokine antibodies. Infect. Immun. 60,

84–89.

Lin, Y., Ritchea, S., Logar, A., Slight, S., Messmer, M., Rangel-Moreno, J., et al.

(2009). Interleukin-17 is required for T helper 1 cell immunity and host

resistance to the intracellular pathogen Francisella tularensis. Immunity 31,

799–810. doi: 10.1016/j.immuni.2009.08.025

Lu, Z., Roche, M. I., Hui, J. H., Unal, B., Felgner, P. L., Gulati, S., et al. (2007).

Generation and characterization of hybridoma antibodies for immunotherapy

of tularemia. Immunol. Lett. 112, 92–103. doi: 10.1016/j.imlet.2007.07.006

Mara-Koosham, G., Hutt, J. A., Lyons, C. R., and Wu, T. H. (2011).

Antibodies contribute to effective vaccination against respiratory infection

by type A Francisella tularensis strains. Infect Immun 79, 1770–1778.

doi: 10.1128/IAI.00605-10

Markel, G., Bar-Haim, E., Zahavy, E., Cohen, H., Cohen, O., Shafferman, A.,

et al. (2010). The involvement of IL-17A in the murine response to sub-

lethal inhalational infection with Francisella tularensis. PLoS ONE 5:e11176.

doi: 10.1371/journal.pone.0011176

Marohn, M. E., and Barry, E. M. (2013). Live attenuated tularemia

vaccines: recent developments and future goals. Vaccine 31, 3485–3491.

doi: 10.1016/j.vaccine.2013.05.096

McCrumb, F. R. (1961). Aerosol infection of man with Pasteurella Tularensis.

Bacteriol. Rev. 25, 262–267.

McMurry, J. A., Gregory, S. H., Moise, L., Rivera, D., Buus, S., and De Groot,

A. S. (2007). Diversity of Francisella tularensis Schu4 antigens recognized by

T lymphocytes after natural infections in humans: identification of candidate

epitopes for inclusion in a rationally designed tularemia vaccine. Vaccine 25,

3179–3191. doi: 10.1016/j.vaccine.2007.01.039

Meierovics, A. I., and Cowley, S. C. (2016). MAIT cells promote inflammatory

monocyte differentiation into dendritic cells during pulmonary intracellular

infection. J. Exp. Med. 213, 2793–2809. doi: 10.1084/jem.20160637

Meierovics, A., Yankelevich, W. J., and Cowley, S. C. (2013). MAIT cells are

critical for optimal mucosal immune responses during in vivo pulmonary

bacterial infection. Proc. Natl. Acad. Sci. U.S.A. 110, E3119–E3128.

doi: 10.1073/pnas.1302799110

Nelson, M., Lever, M. S., Dean, R. E., Savage, V. L., Salguero, F. J., Pearce, P. C.,

et al. (2010). Characterization of lethal inhalational infection with Francisella

tularensis in the common marmoset (Callithrix jacchus). J. Med. Microbiol. 59,

1107–1113. doi: 10.1099/jmm.0.020669-0

Nelson, M., Lever, M. S., Savage, V. L., Salguero, F. J., Pearce, P. C., Stevens, D.

J., et al. (2009). Establishment of lethal inhalational infection with Francisella

tularensis (tularaemia) in the common marmoset (Callithrix jacchus). Int. J.

Exp. Pathol. 90, 109–118. doi: 10.1111/j.1365-2613.2008.00631.x

Ohara, Y., Sato, T., and Homma, M. (1998). Arthropod-borne tularemia in Japan:

clinical analysis of 1,374 cases observed between 1924 and 1996. J. Med.

Entomol. 35, 471–473. doi: 10.1093/jmedent/35.4.471

Pammit, M. A., Raulie, E. K., Lauriano, C. M., Klose, K. E., and Arulanandam,

B. P. (2006). Intranasal vaccination with a defined attenuated Francisella

novicida strain induces gamma interferon-dependent antibody-

mediated protection against tularemia. Infect. Immun. 74, 2063–2071.

doi: 10.1128/IAI.74.4.2063-2071.2006

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 9 April 2018 | Volume 8 | Article 115

https://doi.org/10.3389/fcimb.2016.00152
https://doi.org/10.1128/CVI.00648-14
https://doi.org/10.1369/jhc.5R6756.2005
https://doi.org/10.1002/1615-9861(200207)2:7<857::AID-PROT857>3.0.CO;2-L
https://doi.org/10.1128/IAI.00374-08
https://doi.org/10.1016/j.ajpath.2016.09.021
https://doi.org/10.1007/BF02932159
https://doi.org/10.3389/fmicb.2010.00143
https://doi.org/10.4049/jimmunol.179.1.532
https://doi.org/10.1111/j.1600-065X.2008.00689.x
https://doi.org/10.1016/j.vaccine.2008.09.077
https://doi.org/10.1016/0264-410X(85)90129-X
https://doi.org/10.1046/j.1365-2249.2000.01215.x
https://doi.org/10.1016/j.vaccine.2007.02.014
https://doi.org/10.1038/modpathol.3800087
https://doi.org/10.1073/pnas.0307690101
https://doi.org/10.1002/eji.200737620
https://doi.org/10.1016/j.immuni.2009.08.025
https://doi.org/10.1016/j.imlet.2007.07.006
https://doi.org/10.1128/IAI.00605-10
https://doi.org/10.1371/journal.pone.0011176
https://doi.org/10.1016/j.vaccine.2013.05.096
https://doi.org/10.1016/j.vaccine.2007.01.039
https://doi.org/10.1084/jem.20160637
https://doi.org/10.1073/pnas.1302799110
https://doi.org/10.1099/jmm.0.020669-0
https://doi.org/10.1111/j.1365-2613.2008.00631.x
https://doi.org/10.1093/jmedent/35.4.471
https://doi.org/10.1128/IAI.74.4.2063-2071.2006
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Roberts et al. Adaptive Immunity to Francisella

Paranavitana, C., Zelazowska, E., Dasilva, L., Pittman, P. R., and Nikolich, M.

(2010). Th17 cytokines in recall responses against Francisella tularensis in

humans. J. Interferon Cytokine Res. 30, 471–476. doi: 10.1089/jir.2009.0108

Park, G. D., and Mitchel, J. T. (2016). Working with the U.S. Food and Drug

Administration to obtain approval of products under the animal rule. Ann. N

Y Acad. Sci. 1374, 10–16. doi: 10.1111/nyas.13126

Pasetti, M. F., Cuberos, L., Horn, T. L., Shearer, J. D., Matthews, S. J., House, R.

V., et al. (2008). An improved Francisella tularensis live vaccine strain (LVS)

is well tolerated and highly immunogenic when administered to rabbits in

escalating doses using various immunization routes. Vaccine 26, 1773–1785.

doi: 10.1016/j.vaccine.2008.01.005

Pechous, R. D., McCarthy, T. R., Mohapatra, N. P., Soni, S., Penoske, R. M.,

Salzman, N. H., et al. (2008). A Francisella tularensis Schu S4 purine auxotroph

is highly attenuated in mice but offers limited protection against homologous

intranasal challenge. PLoS ONE 3:e2487. doi: 10.1371/journal.pone.0002487

Polsinelli, T., Meltzer, M. S., and Fortier, A. H. (1994). Nitric oxide-independent

killing of Francisella tularensis by IFN-gamma-stimulated murine alveolar

macrophages. J. Immunol. 153, 1238–1245.

Poquet, Y., Kroca, M., Halary, F., Stenmark, S., Peyrat, M. A., Bonneville,

M., et al. (1998). Expansion of Vgamma9 Vdelta2 T cells is triggered by

Francisella tularensis-derived phosphoantigens in tularemia but not after

tularemia vaccination. Infect. Immun. 66, 2107–2114.

Rawool, D. B., Bitsaktsis, C., Li, Y., Gosselin, D. R., Lin, Y., Kurkure, N. V.,

et al. (2008). Utilization of Fc receptors as a mucosal vaccine strategy against

an intracellular bacterium, Francisella tularensis. J. Immunol. 180, 5548–5557.

doi: 10.4049/jimmunol.180.8.5548

Ray, H. J., Chu, P., Wu, T. H., Lyons, C. R., Murthy, A. K., Guentzel, M. N.,

et al. (2010). The Fischer 344 rat reflects human susceptibility to Francisella

pulmonary challenge and provides a new platform for virulence and protection

studies. PLoS ONE 5:e9952. doi: 10.1371/journal.pone.0009952

Reed, D. S., Smith, L., Dunsmore, T., Trichel, A., Ortiz, L. A., Cole, K. S.,

et al. (2011). Pneumonic tularemia in rabbits resembles the human disease

as illustrated by radiographic and hematological changes after infection. PLoS

ONE 6:e24654. doi: 10.1371/journal.pone.0024654

Reed, D. S., Smith, L. P., Cole, K. S., Santiago, A. E., Mann, B. J., and Barry, E. M.

(2014). Live attenuated mutants of Francisella tularensis protect rabbits against

aerosol challenge with a virulent type A strain. Infect. Immun. 82, 2098–2105.

doi: 10.1128/IAI.01498-14

Rhinehart-Jones, T. R., Fortier, A. H., and Elkins, K. L. (1994). Transfer of

immunity against lethal murine Francisella infection by specific antibody

depends on host gamma interferon and T cells. Infect. Immun. 62, 3129–3137.

Richard, K., Mann, B. J., Qin, A., Barry, E. M., Ernst, R. K., and Vogel, S. N. (2017).

Monophosphoryl lipid A enhances efficacy of a Francisella tularensis LVS-

catanionic nanoparticle subunit vaccine against F. tularensis Schu S4 challenge

by augmenting both humoral and cellular immunity. Clin. Vaccine Immunol.

24:e00574-16. doi: 10.1128/CVI.00574-16

Richard, K., Mann, B. J., Stocker, L., Barry, E. M., Qin, A., Cole, L. E., et al.

(2014). Novel catanionic surfactant vesicle vaccines protect against Francisella

tularensis LVS and confer significant partial protection against F. tularensis

Schu S4 strain. Clin. Vaccine Immunol. 21, 212–226. doi: 10.1128/CVI.00

738-13

Roberts, L. M., Crane, D. D., Wehrly, T. D., Fletcher, J. R., Jones, B. D.,

and Bosio, C. M. (2016). Inclusion of epitopes that expand high-avidity

CD4+ T cells transforms subprotective vaccines to efficacious immunogens

against virulent Francisella tularensis. J. Immunol. 197, 2738–2747.

doi: 10.4049/jimmunol.1600879

Roberts, L. M., Davies, J. S., Sempowski, G. D., and Frelinger, J. A. (2014). IFN-

gamma, but not IL-17A, is required for survival during secondary pulmonary

Francisella tularensis live vaccine stain infection. Vaccine 32, 3595–3603.

doi: 10.1016/j.vaccine.2014.05.013

Roberts, L.M.,Wehrly, T. D., Crane, D. D., and Bosio, C.M. (2017). Expansion and

retention of pulmonary CD4+ T cells after prime boost vaccination correlates

with improved longevity and strength of immunity against tularemia. Vaccine

35, 2575–2581. doi: 10.1016/j.vaccine.2017.03.064

Rotem, S., Cohen, O., Bar-Haim, E., Bar-On, L., Ehrlich, S., and Shafferman, A.

(2014). Protective immunity against lethal F. tularensis holarctica LVS provided

by vaccination with selected novel CD8+ T cell epitopes. PLoS ONE 9:e85215.

doi: 10.1371/journal.pone.0085215

Rowland, C. A., Hartley, M. G., Flick-Smith, H., Laws, T. R., Eyles, J. E., and

Oyston, P. C. (2012). Peripheral human gammadelta T cells control growth

of both avirulent and highly virulent strains of Francisella tularensis in vitro.

Microbes Infect. 14, 584–589. doi: 10.1016/j.micinf.2012.02.001

Salerno-Gonçalves, R., Hepburn, M. J., Bavari, S., and Sztein, M. B. (2009).

Generation of heterogeneous memory T cells by live attenuated tularemia

vaccine in humans. Vaccine 28, 195–206. doi: 10.1016/j.vaccine.2009.09.100

Sanapala, S., Yu, J. J., Murthy, A. K., Li, W., Guentzel, M. N., Chambers, J. P.,

et al. (2012). Perforin- and granzyme-mediated cytotoxic effector functions

are essential for protection against Francisella tularensis following vaccination

by the defined F. tularensis subsp. novicida DeltafopC vaccine strain. Infect.

Immun. 80, 2177–2185. doi: 10.1128/IAI.00036-12

Saslaw, S., Eigelsbach, H. T., Prior, J. A., Wilson, H. E., and Carhart, S. (1961a).

Tularemia vaccine study. II. Respiratory challenge. Arch. Intern. Med. 107,

702–714.

Saslaw, S., Eigelsbach, H. T., Wilson, H. E., Prior, J. A., and Carhart, S. (1961b).

Tularemia vaccine study. I. Intracutaneous challenge. Arch. Intern. Med. 107,

689–701.

Sawyer, W. D., Dangerfield, H. G., Hogge, A. L., and Crozier, D. (1966). Antibiotic

prophylaxis and therapy of airborne tularemia. Bacteriol. Rev. 30, 542–550.

Sebastian, S., Dillon, S. T., Lynch, J. G., Blalock, L. T., Balon, E., Lee, K. T., et al.

(2007). A definedO-antigen polysaccharide mutant of Francisella tularensis live

vaccine strain has attenuated virulence while retaining its protective capacity.

Infect. Immun. 75, 2591–2602. doi: 10.1128/IAI.01789-06

Shen, H., Chen, W., and Conlan, J. W. (2004). Susceptibility of various

mouse strains to systemically- or aerosol-initiated tularemia by virulent

type A Francisella tularensis before and after immunization with the

attenuated live vaccine strain of the pathogen. Vaccine 22, 2116–2121.

doi: 10.1016/j.vaccine.2003.12.003

Signarovitz, A. L., Ray, H. J., Yu, J. J., Guentzel, M. N., Chambers, J. P., Klose, K. E.,

et al. (2012). Mucosal immunization with live attenuated Francisella novicida

U112DeltaiglB protects against pulmonary F. tularensis SCHU S4 in the Fischer

344 rat model. PLoS ONE 7:e47639. doi: 10.1371/journal.pone.0047639

Sjöstedt, A., North, R. J., and Conlan, J. W. (1996). The requirement of

tumour necrosis factor-alpha and interferon-gamma for the expression

of protective immunity to secondary murine tularaemia depends on the

size of the challenge inoculum. Microbiology 142 (Pt 6), 1369–1374.

doi: 10.1099/13500872-142-6-1369

Skyberg, J. A., Rollins, M. F., Samuel, J. W., Sutherland, M. D., Belisle, J. T., and

Pascual, D. W. (2013). Interleukin-17 protects against the Francisella tularensis

live vaccine strain but not against a virulent F. tularensis type A strain. Infect.

Immun. 81, 3099–3105. doi: 10.1128/IAI.00203-13

Stenmark, S., Lindgren, H., Tarnvik, A., and Sjostedt, A. (2003). Specific

antibodies contribute to the host protection against strains of

Francisella tularensis subspecies holarctica. Microb. Pathog. 35, 73–80.

doi: 10.1016/S0882-4010(03)00095-0

Stinson, E., Smith, L. P., Cole, K. S., Barry, E. M., and Reed, D. S. (2016).

Respiratory and oral vaccination improves protection conferred by the live

vaccine strain against pneumonic tularemia in the rabbit model. Pathog. Dis.

74:ftw079. doi: 10.1093/femspd/ftw079

Sumida, T., Maeda, T., Takahashi, H., Yoshida, S., Yonaha, F., Sakamoto, A., et al.

(1992). Predominant expansion of V gamma 9/V delta 2 T cells in a tularemia

patient. Infect. Immun. 60, 2554–2558.

Surcel, H. M., Syrjala, H., Karttunen, R., Tapaninaho, S., and Herva, E. (1991).

Development of Francisella tularensis antigen responses measured as T-

lymphocyte proliferation and cytokine production (tumor necrosis factor

alpha, gamma interferon, and interleukin-2 and−4) during human tularemia.

Infect. Immun. 59, 1948–1953.

Syrjälä, H., Koskela, P., Ripatti, T., Salminen, A., and Herva, E. (1986).

Agglutination and ELISA methods in the diagnosis of tularemia in different

clinical forms and severities of the disease. J. Infect. Dis. 153, 142–145.

doi: 10.1093/infdis/153.1.142

Tärnvik, A. (1989). Nature of protective immunity to Francisella tularensis. Rev.

Infect. Dis. 11, 440–451. doi: 10.1093/clinids/11.3.440

Tärnvik, A., Ericsson, M., Golovliov, I., Sandstrom, G., and Sjostedt, A. (1996).

Orchestration of the protective immune response to intracellular bacteria:

Francisella tularensis as a model organism. FEMS Immunol. Med. Microbiol.

13, 221–225. doi: 10.1111/j.1574-695X.1996.tb00242.x

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 10 April 2018 | Volume 8 | Article 115

https://doi.org/10.1089/jir.2009.0108
https://doi.org/10.1111/nyas.13126
https://doi.org/10.1016/j.vaccine.2008.01.005
https://doi.org/10.1371/journal.pone.0002487
https://doi.org/10.4049/jimmunol.180.8.5548
https://doi.org/10.1371/journal.pone.0009952
https://doi.org/10.1371/journal.pone.0024654
https://doi.org/10.1128/IAI.01498-14
https://doi.org/10.1128/CVI.00574-16
https://doi.org/10.1128/CVI.00738-13
https://doi.org/10.4049/jimmunol.1600879
https://doi.org/10.1016/j.vaccine.2014.05.013
https://doi.org/10.1016/j.vaccine.2017.03.064
https://doi.org/10.1371/journal.pone.0085215
https://doi.org/10.1016/j.micinf.2012.02.001
https://doi.org/10.1016/j.vaccine.2009.09.100
https://doi.org/10.1128/IAI.00036-12
https://doi.org/10.1128/IAI.01789-06
https://doi.org/10.1016/j.vaccine.2003.12.003
https://doi.org/10.1371/journal.pone.0047639
https://doi.org/10.1099/13500872-142-6-1369
https://doi.org/10.1128/IAI.00203-13
https://doi.org/10.1016/S0882-4010(03)00095-0
https://doi.org/10.1093/femspd/ftw079
https://doi.org/10.1093/infdis/153.1.142
https://doi.org/10.1093/clinids/11.3.440
https://doi.org/10.1111/j.1574-695X.1996.tb00242.x
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles


Roberts et al. Adaptive Immunity to Francisella

Tulis, J. J., Eigelsbach, H. T., andKerpsack, R.W. (1970). Host-parasite relationship

in monkeys administered live tularemia vaccine. Am. J. Pathol. 58, 329–336.

Twenhafel, N. A., Alves, D. A., and Purcell, B. K. (2009). Pathology of

inhalational Francisella tularensis spp. tularensis SCHU S4 infection in

African green monkeys (Chlorocebus aethiops). Vet. Pathol. 46, 698–706.

doi: 10.1354/vp.08-VP-0302-T-AM

Twine, S. M., Petit, M. D., Shen, H., Mykytczuk, N. C., Kelly, J. F., and Conlan,

J. W. (2006a). Immunoproteomic analysis of the murine antibody response to

successful and failed immunization with live anti-Francisella vaccines. Biochem.

Biophys. Res. Commun. 346, 999–1008. doi: 10.1016/j.bbrc.2006.06.008

Twine, S. M., Shen, H., Kelly, J. F., Chen, W., Sjostedt, A., and Conlan, J. W.

(2006b). Virulence comparison in mice of distinct isolates of type A Francisella

tularensis.Microb. Pathog. 40, 133–138. doi: 10.1016/j.micpath.2005.12.004

Twine, S., Shen, H., Harris, G., Chen, W., Sjostedt, A., Ryden, P., et al. (2012).

BALB/c mice, but not C57BL/6 mice immunized with a DeltaclpB mutant

of Francisella tularensis subspecies tularensis are protected against respiratory

challenge with wild-type bacteria: association of protection with post-

vaccination and post-challenge immune responses. Vaccine 30, 3634–3645.

doi: 10.1016/j.vaccine.2012.03.036

Valentino,M. D., Hensley, L. L., Skrombolas, D.,McPherson, P. L.,Woolard,M. D.,

Kawula, T. H., et al. (2009). Identification of a dominant CD4T cell epitope in

the membrane lipoprotein Tul4 from Francisella tularensis LVS.Mol. Immunol.

46, 1830–1838. doi: 10.1016/j.molimm.2009.01.008

Valentino, M. D., Maben, Z. J., Hensley, L. L., Woolard, M. D., Kawula, T. H.,

Frelinger, J. A., et al. (2011). Identification of T-cell epitopes in Francisella

tularensis using an ordered protein array of serological targets. Immunology

132, 348–360. doi: 10.1111/j.1365-2567.2010.03387.x

White, J. D., McGavran, M. H., Prickett, P. A., Tulis, J. J., and Eigelsbach, H. T.

(1962). Morphologic and immunohistochemical studies of the pathogenesis of

infection and antibody formation subsequent to vaccination of Macaca irus

with an attenuated strain of Pasteurella tularensis: II. Aerogenic vaccination.

Am. J. Pathol. 41, 405–413.

Woolard, M. D., Barrigan, L. M., Fuller, J. R., Buntzman, A. S., Bryan, J., Manoil,

C., et al. (2013). Identification of Francisella novicidamutants that fail to induce

prostaglandin E(2) synthesis by infected macrophages. Front. Microbiol. 4:16.

doi: 10.3389/fmicb.2013.00016

Woolard, M. D., Hensley, L. L., Kawula, T. H., and Frelinger, J. A. (2008).

Respiratory Francisella tularensis live vaccine strain infection induces Th17

cells and prostaglandin E2, which inhibits generation of gamma interferon-

positive T cells. Infect. Immun. 76, 2651–2659. doi: 10.1128/IAI.01412-07

Woolard,M. D.,Wilson, J. E., Hensley, L. L., Jania, L. A., Kawula, T. H., Drake, J. R.,

et al. (2007). Francisella tularensis-infected macrophages release prostaglandin

E2 that blocks T cell proliferation and promotes a Th2-like response. J.

Immunol. 178, 2065–2074. doi: 10.4049/jimmunol.178.4.2065

Wu, T. H., Hutt, J. A., Garrison, K. A., Berliba, L. S., Zhou, Y., and Lyons, C. R.

(2005). Intranasal vaccination induces protective immunity against intranasal

infection with virulent Francisella tularensis biovar A. Infect. Immun. 73,

2644–2654. doi: 10.1128/IAI.73.5.2644-2654.2005

Wu, T. H., Zsemlye, J. L., Statom, G. L., Hutt, J. A., Schrader, R. M., Scrymgeour,

A. A., et al. (2009). Vaccination of Fischer 344 rats against pulmonary

infections by Francisella tularensis type A strains. Vaccine 27, 4684–4693.

doi: 10.1016/j.vaccine.2009.05.060

Yee, D., Rhinehart-Jones, T. R., and Elkins, K. L. (1996). Loss of either CD4+

or CD8+ T cells does not affect the magnitude of protective immunity to

an intracellular pathogen, Francisella tularensis strain LVS. J. Immunol. 157,

5042–5048.

Yu, J. J., Raulie, E. K., Murthy, A. K., Guentzel, M. N., Klose, K. E., and

Arulanandam, B. P. (2008). The presence of infectious extracellular Francisella

tularensis subsp. novicida in murine plasma after pulmonary challenge. Eur. J.

Clin. Microbiol. Infect. Dis. 27, 323–325. doi: 10.1007/s10096-007-0434-x

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Roberts, Powell and Frelinger. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 11 April 2018 | Volume 8 | Article 115

https://doi.org/10.1354/vp.08-VP-0302-T-AM
https://doi.org/10.1016/j.bbrc.2006.06.008
https://doi.org/10.1016/j.micpath.2005.12.004
https://doi.org/10.1016/j.vaccine.2012.03.036
https://doi.org/10.1016/j.molimm.2009.01.008
https://doi.org/10.1111/j.1365-2567.2010.03387.x
https://doi.org/10.3389/fmicb.2013.00016
https://doi.org/10.1128/IAI.01412-07
https://doi.org/10.4049/jimmunol.178.4.2065
https://doi.org/10.1128/IAI.73.5.2644-2654.2005
https://doi.org/10.1016/j.vaccine.2009.05.060
https://doi.org/10.1007/s10096-007-0434-x
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

	Adaptive Immunity to Francisella tularensis and Considerations for Vaccine Development
	Introduction
	Characteristics of Human Infection
	Animal Models of Tularemia
	Mice
	Rats
	Rabbits
	Non-human Primates

	Immune Responses to Francisella
	B Cells
	T Cells
	αβ T Cells
	γδ T Cells
	CD4- CD8- Double Negative T Cells

	Important T Cell Effector Functions
	Route of Vaccination and Influence on the Immune Response
	T Cell Epitopes

	Rational Vaccine Design
	Future Challenges
	Author Contributions
	Funding
	References


